The identification of synthesizable substructural domains within more complex structural targets is of significant value in designing a workable plan of synthesis. We term this process "pattern recognition analysis" (PRA). In this paper we continued to build on the theme of PRA as a potential resource in retrosynthetic blueprints to reach highly challenging targets. The paper operates at two levels. First, there is provided a clear sense of definitions of categories by which patterns are related to hypothetical reaction types. Although the required reaction type may for the moment not exist, we believe that this method of analysis is likely to promote innovation that identifies unmet needs and opportunities to advance the cause of complex target synthesis. In addition, we describe reductions to practice in expanding the menu of achievable patterns. It is likely that the future value of PRA will be associated with its utility in leading the way to new and exploitable chemical innovation.
pattern analysis | ring closing metathesis C ontemporary exercises in retrosynthetic planning are typically guided by the governing principles of "strategic bond disconnection" (SBD) analysis, first formulated by Corey (1) (2) (3) . In the SBD approach, the target system is systematically surveyed. The synthetic implications of disconnecting various individual linkages are evaluated and prioritized. Clearly, the SBD approach is central in the retrosynthetic analysis of complex targets, including highly challenging and biologically impactful natural products (4) .
In 2007, our laboratory set forth a less general, but still useful, conceptual framework for retrosynthetic analysis (5), drawing from insights garnered over the course of a career-long fascination with small-molecule natural products and their synthesis (6, 7) . The general idea, which we term "pattern recognition analysis" (PRA), recognizes that the retrosynthetic thought process may be simplified through the identification of certain holistic substructural patterns within the target structure. These patterns may be accessible through recourse to well-established synthetic sequences. Upon identification of useful "patterns" within the target molecule, the design task may become that of developing means by which to connect these individual motifs in an efficient and selective manner. Our total syntheses of maoecrystal V (8), scabronine G (9), and paecilomycine (10) perhaps serve to illustrate the usefulness of PRA in challenging settings (Fig. 1) .
In this discussion, we hope to further extend the concept of PRA by setting forth some general classifications for the various types of substructural pattern that may arise. Of course, the simplest type of pattern is one that would emerge directly from a reaction itself. To use the venerable Diels-Alder (DA) reaction as an example, a target structure incorporating a six-membered cyclohexene with a cis-disposed ortho-substituent would be seen to incorporate a DA pattern (Type A in Fig. 2) . Alternatively, certain patterns may be seen to arise through perturbation of the natural course of a well-ordered transformation (Type B in Fig.  2 ). For example, returning to the DA reaction, we recall our total synthesis of pentalenolactone (11) , wherein a formally disfavored meta-substituted product was obtained through cycloaddition of a synergistic diene (12) with a maleic anhydride dienophile. Through manipulation of the substrate functionalities, we were able to subvert the general dictates of directivity and stereoselectivity that guide the DA reaction, and thereby gain access to a valuable iso-DA (IDA) pattern. Similarly, in our total syntheses of coriolin (13) and isogabaculine (14) , we gained access to IDA patterns through incorporation of temporary directing motifs that served to overwhelm the natural course of the cycloaddition. A third category of pattern is one that arises through postreaction modification of the adduct arising from an established transformation (Type C in Fig. 2 ). For example, our recently developed two-step trans-DA protocol features a DA cycloaddition, followed by isomerization of the ring junction functionality, to give rise to an "unnatural" trans-fused DA adduct (15) (16) (17) (18) . Finally, as will be described in more detail below, we propose that this concept may be even further expanded to encompass cases wherein the pattern itself could be conceived to arise from an established reaction type, even if, in practice, the pattern would not actually be accessible through that transformation. In these instances, the naming of the pattern after a well-established transformation may be seen as a cognitive device, providing practitioners with a common vocabulary, and thereby facilitating PRA-driven synthetic planning exercises. This concept will be further explored in this report.
The level of value of a PRA approach to retrosynthetic analysis depends, to a considerable extent, on the existence of viable schemes to reach an expanding menu of identifiable patterns. Our laboratory has long concerned itself with the development of strategies to fashion synthetically useful substructural patterns not readily accessible by current synthetic schemes. Along these lines, we are particularly alert to the identification of patterns that could be seen to arise from recourse, at the cognition level, to the powerful and versatile DA cycloaddition (19, 20) .
For the purposes of providing a standard vocabulary for PRA, we propose some nomenclature by which to define the various types of DA-type patterns that may be identified in target structures. As shown in Fig. 3 , an iso-DA with respect to olefin placement [IDA(o)] pattern is distinguished from a standard DA pattern by isomerization of the olefin functionality. Alternatively, when a substituent is located at a nontraditional position in the DA cycloadduct, it is considered to possess an iso-DA with respect to substituent placement [IDA(s)] pattern. The displaced substituent in an IDA(s) pattern may correspond to either the dienyl or dienophilic component. Finally, [4+2] cycloaddition of a cyclic dienophile gives rise to a cis-fused bicyclic adduct. Substructural patterns that incorporate trans-fused functionality are termed trans-DA adducts. Needless to say, these various Author contributions: F.P., R.E.G., and S.J.D. designed research; F.P. and R.E.G. performed research; F.P., R.E.G., and S.J.D. analyzed data; and F.P., R.M.W., and S.J.D. wrote the paper.
The authors declare no conflict of interest. perturbations of the DA framework may be combined to provide access to a diverse menu of differentiated cyclic adducts. Our laboratory has disclosed a range of strategies by which to construct these types of otherwise difficultly accessible DA-related substructural patterns (12, (15) (16) (17) (18) (21) (22) (23) (24) . For example, highvalue IDA(o) patterns can be obtained using a synergistic diene that was discovered in our laboratory over 30 y ago (12) . Recent work by our group has culminated in the development of useful protocols for the preparation of trans-DA bicyclic adducts (15) (16) (17) (18) . Indeed, given the centrality of the DA reaction in chemical synthesis, it is not surprising that a number of prominent research groups have long pursued the development of strategies by which to divert the natural course of the DA reaction. Earlier efforts along these lines include the elegant studies of Fleming and coworkers (25) and Evans et al. (26) , who independently introduced protocols by which to access IDA(o) systems through installation on the 1-position of the diene of a removable directing motif. In each case, removal of the temporary moiety (-TMS or -SPh) occurred with migration of the olefin to give rise to IDA(o) adducts. Other studies worth noting in this regard, which dealt with competing diene directivities in the DA reaction, include the historic work of Trost et al. (27, 28) and Cohen and coworkers (29) .
In the context of our ongoing efforts to expand the scope of DA logic to encompass "nontraditional" DA substructural patterns, we recently sought to develop strategies for gaining access to potentially useful meta-substituted cis-and trans-fused IDA(s) motifs. Thus, a traditional DA pattern, represented in Fig. 4 , encompasses a cyclohexene motif with either para-(1) or ortho-(2) substitution, depending upon the placement of functionality on the diene system. Frontier molecular orbital theory dictates that "meta" substituted products, of the type 3, are disfavored from conventional DA cycloaddition logic (30) .
In the cis-fused series, we envisioned installing a potent, but readily removable, electron donating group (EDG) at either the 3-(5) or 1-(6) position on the diene (with respect to the future meta substituent, A, at position 2). The thought was that this temporary EDG would dictate the course of the DA cycloaddition (Fig. 5) (25) . Following reductive removal of the EDG, there would be delivered the product bearing the desired cis-IDA(s) pattern (3). Although either substitution strategy could offer advantages, we started by installing the directing functionality at the 2-position of the diene (5).
Results and Discussion
We first explored the feasibility of this strategy in the context of diene 7, which bears the EDG at the 2-position (31). As hoped, under Lewis acid promotion, diene 7 underwent ready reaction with a range of cyclic dienophiles to deliver cycloadducts 8-12 as single observable regioisomers (Fig. 6) . The sense of the regioselectivity reflected the dominant directivity of the thio function. Moreover, the now-extraneous sulfur-based group was readily removed following exposure of the cycloadducts to Raney nickel conditions (Fig. 7) .
We next examined the effects of installing the sulfur group at the 1-position of the diene. As hoped, the 1-substituted dienes 16 and 17 (32) underwent MeAlCl 2 -promoted cycloaddition with α-methyl cyclopentenone, to generate adducts 18 and 19, again with complete regioselectivity (Fig. 8) . In the absence of the EDG, the analogous cycloadditions would likely have proceeded with either the opposite sense of regioselectivity or with no meaningful levels of regiocontrol.
Attempts to remove the sulfur auxiliary of 18 through treatment with Raney nickel led to the formation of an undesired side product, identified as diene 20 (Fig. 9) . Fortunately, however, exposure of cycloadduct 18 to Ca reduction conditions yielded the desired product, 21 (33) .
Having thus developed a pleasing method for the synthesis of cycloadducts bearing cis-IDA(s) patterns, we now sought the capability to establish trans-IDA(s) motifs, of the type 25, as accessible patterns for PRA. Along these lines, we first considered merging our IDA(s) technology with our recently described trans-DA strategy, whereby a cis-fused, angularly functionalized DA adduct is induced to undergo reductive protonation or reductive alkylation to provide trans-fused adducts (Fig. 10, 23→24 ) (12) . However, application of that technology to the case at hand would require chemodifferentiation in executing the reductive cleavage of the angular and the vinylic "leaving groups." Accordingly, we pursued a totally different strategy for reaching the motif at issue, shown as 25.
As outlined in Fig. 11 , we envisioned achieving our goal by sequential 1,4-addition to a cyclic enone (4) and alkylation of the resultant site-specific enolate with an allylic alkylating agent. We anticipated that the two allyl-type functions, which are introduced via 1,2 vicinal dialkylation, would emerge trans (see 26) and, thus, would be well positioned to undergo ring closing metathesis (RCM) to deliver the target trans-IDA(s) structural pattern (see 25) (34). Our reference to 25 as a trans-IDA(s) structure is, of course, at the hypothetical level and does not convey the operational synthetic plan. In essence, we are extending the concept of PRA to cover structures that arise from technology unrelated to the pattern description.
As outlined in Fig. 12 , this vision was indeed realized. Thus, a series of metathesis precursors was prepared through conjugate addition of trimethylallyl silane to 22 (35, 36) , followed by Pd-mediated allylic alkylation. The diastereoselectivities of the 1,2-dialkylation steps ranged from 4:1-7:1, and the desired trans stereoisomer could be enriched by chromatography. The subsequent ring closing metatheses proceeded in high yields to deliver the trans-IDA(s) target systems with excellent levels of overall efficiency. A crystal structure of adduct 28b provides confirmation of the stereochemical course of this transformation.
Moreover, a representative adduct, 28a, was shown to be highly amenable to subsequent derivatization sequences, as shown in Fig. 13 . Thus, the nitrile functionality was reductively cleaved and replaced by a methyl group (29) or by a thiophenyl moiety (30) under standard conditions. The latter participated in a sulfoxide-directed epoxidation to stereospecifically deliver a synthetically useful epoxide functional handle in good yield (31) (37). Finally, we sought to explore the possibility of extending the stereoselective 1,4-addition/alkylation sequence to include 2-alkyl-(rather than 2-cyano-) substituted cyclohexenones. We first examined such a possibility in the trans series. Thus, enone 32 was subjected to CuI-mediated 1,4-addition with allylmagnesium bromide (Fig. 14) . The resultant TMS-silyl enol ether was then cleaved to generate the site-specific enolate, which underwent alkylation with MeI to deliver a major diastereomer of thenunknown relative configuration. Following RCM, the previously encountered trans-IDA(s) product, 29, was obtained.
Expecting to gain predominant access to the cis-fused version of 29, we reversed the sequence, such that the methyl function would be in place on the cyclenone, and the methallyl group would be installed via conjugate addition followed by alkylation. Again, the vicinal dialkylation sequence proceeded well. Surprisingly, it seemed that its major product was the same as that obtained from the previous sequence (i.e., the presumed 34). This was confirmed by conducting the RCM, which gave rise, as before, to the trans-fused 29.
At first glance, this vicinal dialkylation result was rather surprising. Thus, when starting with 32, alkylation (i.e., methylation) of the site-specific enolate derived from conjugate addition of the allyl nucleophile had occurred cis to the C 3 -allyl function. By contrast, prenylation of a similar enolate, now carrying a resident methyl group at C 2 , had occurred trans to the C 3 -allyl function.
One of several possible explanations to account for this finding supposes that both enolate alkylations occur with similar stereoelectronic control (i.e., in an axial-like sense) (38) . However, in the case of 32, bearing a branched resident group at C 2 , methylation may occur through a boat-like conformer, thereby avoiding abutment of the allyl and methallyl functions during rehybridization of C 2 . By contrast, with a resident methyl group at C 2 , the C 3 allyl adopts an axial disposition in the usual chairlike conformation (Fig. 14) . Axial prenylation would, again, afford the trans prenyl-allyl diastereomer 34. In any case, this combination of rather classical chemistry with RCM methodology serves to provide ready access to trans-IDA(s) patterns.
We further established the scope of this two-step sequence in the context of more functionalized target systems. As shown in Fig. 15 , cyclohexenone 35 was stereoselectively converted to intermediate 38 through conjugate addition, followed by trapping with propargyl bromide. Subsequent enyne metathesis gave rise to adduct 39, bearing a useful exocyclic olefinic functional handle. Our sequence has also been demonstrated to be amenable to incorporation of a methyl ester functionality at the 2-position of the cyclohexenone. Thus, substrate 40 was converted to the bicyclic compound 42 in good overall yield and with high trans-selectivity.
Conclusion
In summary, the research above demonstrates several strategies for accessing cis-and trans-fused IDA(s) patterns. The cis-IDA (s) substructural motif is reached through use of a temporary, and readily removable, thiol-based EDG. The trans-IDA(s) pattern is best assembled through recourse to a conjugate addition/ allylic alkylation strategy, followed by RCM.
We close by revisiting the concept of PRA as a valuable tool in designing total syntheses of complex target systems. A longstanding goal of our laboratory has been to expand the menu of synthetically accessible substructural patterns, with a particular emphasis on enlarging upon the venerable DA platform to encompass a growing array of nontraditional substitution patterns (Fig. 16 shows selected examples) . Given the prominence of DAderived substructural motifs in complex molecule scaffolds, we anticipate that this line of thinking will prove to be fruitful in enhancing retrosynthetic analysis. More broadly, practitioners of the PRA approach to total synthesis recognize that useful substructural patterns may be seen to arise either directly from the transformation itself (Type A), through perturbation of the natural course of the transformation (Type B), through postreaction modifications (Type C), or even through recourse to a completely distinct reaction pathway (vide supra). We propose herein a useful extension of the concept of PRA, wherein the substructural pattern is decoupled from the technology used to gain access to that architecture. We believe that the process of classifying structural patterns based on analogy to well-established transformations represents a useful cognitive device in pattern recognition analysis and could well serve to prompt the discovery of new chemistry through questions that it implicitly provokes.
